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Page ii

A series of experAments using protons of energles from 6.7 Mev to 26 Mev

were perfo_ned to measu_ the energy dependence of proton radiation dam_ on
-L

'- p on n and n on p silicon and gallium arsenide so]_ir cells. _ experimental
+
i- results indicate, that: (a) the energy dependeIlce experimentally obr_rved in
I.

_ thls energy range is in agreement with +-he inverse _energy dependence predicted£.

:2'.- On the basis of Coul,nmb scattering and (b) the minority carrier _iffus'ton :

_'_ length injection level dependence pre_iousIy obse_-ed at 95-5 _ev is a!_o ,.

" _ ' observed at all the energ!es used in this series of experiments. _l_e energy
_ " e .

:_ dependence is presented for solar cells under one _an equlvai_nt radiation in

terms of both K values and ret-!.procal critical fluxes. :

~
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I. INTROIYJCTION

The existence of intense regions of energetic proton radiation in space

ha_ stimulated considerable interest in the effects of proton radiation (_a

semiconductor devices duzlng the last several years. Prlmsr-jattention has been

directed in these efforts to silicon and silicon solar cells because of their

necessarily high decree of exposure to proton radiation when mounted on tne exterioz

of spacecraft. Semironductor devices located in the i'nteriorof s_acecraft,
- -c

though equally as sensitive to proton radiation, are afforded considerable

shielding from the satellite structure itself and _ence may not constitute as _"

severe a problem as solar cells. /
_5

The.d_pgndence of proton ._adiationdamage on proton energy is sunimportant i_:
fact-,rbecause of the wide energy _istributIc_n of protons in space and the s_rong -%

dependence of radiatiun ds____ on incident proton energy. Protons of a few _-_

hundred electron volts _osse_s sufficient momentu_i1to produce la_tlce displace-

me_ s and subz=quent degradation of eiectrloal characteristics in silicon. However, j
9

tt,e range of protons of energies;less t.hanan Mew is quite short and hence penetra- /f

tlon at these energies is Insuificlent to produce meanlng._kulradiation damage in _

cove_.edsolar cells. As the proton energy it,creases, however_,the proton range __

increases resulting in :).practical energy dependeuce of prcton radiation damage
J

which increases sbsrp]y with znc_eas_m_ proton energy. In the medium energy range_ -:

i.e., a few Mew; to approximately ].O0Mew the proton range is quite large relative

to device geometries, and _he resulting _nergy dependence of the 9adiatlo_ damage <

follows _-neclassical Coulomb scatteri_ laws. _,ese theoretical relationships

predlc_ an energy dependence based on the 8tcmlc displacement cross section which

is _.nver_elyproportional to the _neldent p_'otonenergy. Extrepolatlon of this

_nergy deI_ndence to proton energies above iOO Mew would predict damage rates of

negligible importance relative to l,_werenergy damage rates. However, hiRh energy
l-R

proton_ have oeen shown to prod%/ce considerab,_:edamage in silicon d_e to nuclear

s]mllstic_. The resultir.gover-al! energy dependence as controlled by.the above

_echanis_s _xhibits a low er,ergy cut-off, rising steeply to a peak degradation

! rate in the vlcinity of a few _@._vdepending upon the device considered and then

falli_ off with increasln_ energy as approximately E"I . At about i00 Mew ,,

plateau Is reached wherein _lamageAs relatively independent of i_rther increase i

in ene_'gy _ecahse of spallatlon mechan_ sins. ,- _i

m mm_ I m In m ma m m mmm w _ m _ mm _ in m nm_m_m __ ..... m mam_mmml I-'
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O_ t." k" Leg:. .';'-,Pet"_-:11_-,, _*'l'i_l',"_l"Ft;_ I,C_ "_ ,'.'_4,rI"__I iql _;-.,, * 2.-_-t_:-_;,._r.ll?l _,_oelr¢,l_-,V 7:

_.:asure._..c.rltg , f l_,oa,a on,,!'p':] inlonCi_v _tr_.d dI._t.rk._ut_o._ and the Eeneral .-x_.-.rl - 4

: _ntut techniques f,,l'.c':ed _n "_._ cenduct cr t.hls expel'trent.
C

=

e2_ • c
Solar ,_,;,l _.oeim,.ens

z!
-- _ :_

-,e.. •,uu _est s_eit_.cr_s eon_J.sted c£ t_.b sil'.ccr, m._ _lIium arsenide _6_ar - -?= -

cells and-ad61tlonal ailicon =_atertal for de_ern.;ination uf p.o_on induced energ_

icyei_ ti_r,_i_c, i_I1 effec_ measureme,_tz.. 'P,:e silicon so_r eel!s u_ea _ere Hoff- _.2
2,- - .. CP

•an t Gb_.LCm p c_t n sillcod _ solar cel)s (s)_bol CEC,), Western Zlectr!c-k otu,,Jem , _-

- _ n(.,n p _ili__on-ao!a_ cel)_ (c;;/_bol t&_), ]!-.fl_an I0 cN,-cmn on p s_llcon,.,s°lllr-_ " ._i

c_l.ts ! ..... ;._-, n,,n" e_d !10_ .'.n _a_i - : _ii=.- . .ya ....... -_, F n _ lure arsenldc solar ,ells_(sFa_bol g)-.. 'Ph_

: gr_ln ,.r _celnr e,-:lls ms chcs,;n bce_:uso of the large a_._mf (_f de_ exls_lng_on __

-'these ty_:::;Of (":!i_, tlmir esLnbltshed q,.atlty and repro_h;cIbllity,aodthelr". - \_::_:.

ro.Pz_csentation Of- _ta_e-of-thc-urt dev;cet currently nvaliahl.e. 1_e l_tI spe.clm_ns _
.ccnsi:.Lcd _.1" "(_,,tk: p uad n-:'/t'::: .Cllid_n _ltb "esistlvittes in the, _.'tge of I _,im,-,-m .#.

to Iuc):(.N,,-c:P,. _,_.k- i;:(! I :l'wc:dli._:nn _ere pro-cut t(_ the conw=nti(:nal six-Brm_,'ro#= i_

t:c.nfl _aragi cn roy pUS L- trrt_dlu!.i r,r, m,:n_'.l:-tqr, eat s :,f i_1.1 c fl'e,.t_. - ._

C'" ti_e group cf sola:; cells !".naitv sc!c.ct(Ld l.b.,-,m,_i, 1oltial]._eam_rewonrn.- }_

of I-";.c_:_:-actcTri_tl.cs _-nd minority ca:-ttr-_ _ifi'usinn 7ungth_, several e_llu _,f. :

6uch ta'V'"_.;e_' -":d,je--_.,(i Vo e..l'.:c'u:'<en_rra_;.ati,,,. TI_.-_urp(,_e cl" t.h!v prt,,r, ,., .

:- ,:£cc_:-on £rrud!ttign _..'_.: t_ .-.sk;,b.L_.vh tOt :.L-t_5 !_rtt,'ulnr t'ceam ,I" f','ql:; :;:an4,}.'.t "_

-_hotz c_r,:.'alt, current ,,¢.l,..'_ada_ton alo;,::s uud u=up._;'Ical r,-'atlon_"_t!:v, be.tv.,:,,n _:_

:'h,._-t c:rcai_ curre-nt density I:nd minorlw:'carrJer dil'lMslon lengths f_w lr(t,"X" De_ . :_

.....'(. :e.eLL. a

i-- -,"slur-C,.'ti Y.easurementa -

f
'_ie mem;ure,,ientg performed ::n *,he }.(:st _olsr cells consisted n(" l-.V ,:. ,

: characteristics , d,lffuston lei_f,.l.hmu,_sur,.me.nt.sutilizing-both the V;_n d_, araarf - '• "5

aeeelergtor aa_ .the cmplrlesl short cJ'reult current rclatlon_hilr'_ l_r,dt_X' vnrl_t|,,,_- ;

" of minority _arrier"dtrfusl_n leith wlth' InJection_ level. Of these _ee_surem_r,tB-, , ?

' "t_"O "# " " ;i--V-char,,ete_'!_tic--:and the minorl ty- earri_.r dlffusi._n Ien_.th meaau r_.ment_.,

{'_.- usizlgc_allbrated short elreu_x eur_ent-dtftualon length _elat_ri_hips _rre l:w_.rrr,,_,_O "

4
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:- at the irradiation site, w._dlediff_asionlength measurements with the Van de Graaff

and t.hedetermination of minority carrier diffusion length dependence on injection

level were perfei_med following, the experiment at the STL facilities. Addlti-o_!

:.. I-V characteristic& were ou_a_,,e_at *_ STL _a,_l_.y for "

obtained at the irradiation site to insure adequate calibration and an accurate

measure of any annealing that.may have occurred betweer the two sets of measure-

__ ments.

_ : ,"_e I-Y characteristics were obtained -__'th a 2800°K unfiltered lmngsten -:

_ illumination source. The illumina_ion intensity was maintained at the same :

_i., level used in all previous exp_.riments. This illumination intenPl_y is al_roxi- i:

_" :mately !iO mw/o_n2 nominal sunllgh_ equivalent for a com-entionai' sol_trcell ,having

a mlnority.carrier diff_sior,length of I"00microns. Short circuit curreuts were

" -acquired from these I-7 characterls_icS :.odetermine degradation as a function of :

_ integrated flu_: during the course of the experiment" ira-addition, these shor£ :

• ( circuit currents were used "to obtain a"'min-oritYcarrier diffusion length under one
? sun equivalent illumination for the,determination of practical i"values utilizing •

_ the previ@asly obtained diffUsion _ength versus short circuit current empirical

•_. relatior.ships. Tnis technique for obtaining minority- carrier diffusion lengths _ :

_: . at the irradlat-ionsite under one sun ill,_ainationconditions is described in detail

_-T in Reference _.

:ii_ _Upon returning to tP_ STL facilities, measurements of minority carrier

diffusion lengths with the Van de Graaff-accelezator as a function of in_ectlon

__ level were initiated. Briefly, this technique consists of using a modulated =

electron beam from the accelerator to determine the actual minority carrier dlffUsion

length while simultaneously varylng +..he exce_ carrier concentration through

illumlnatiOn by an exterior variable intensity l._ghtsource , _hese difl._lon

,. length data were compared with the previously obtained minority carrier _{ffuslon --

lengths at the irradiation site.- = "

6

_ _he Nll sNcimens bombarded in _he experiment were further measured and

" anaiyzed at the STL facilities using conventional technique@ described in a '"

i
• _; -{:. previous report5. The purpose of these measurements was to determine the .nature -_t

. ,and position of sc_e of the energ_ levels pro_tucedby the proton _rradimtion. :,

" - | _ 1 mm mm " "' l,_

] 965008449-0 ] 2
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C "

Dosi_try . ._

To ob_in as _ccurate knowledoe of the radiation environment as possible,

marticular attent,iun wa._given to meauuze._nt of proton beam energy, d!stri_ation, ,-.

.: and i.'.ten_Ity.The techniques included range energy experiments and a solid

state detec_,or-specZrometer for determination of beam energy. C_rbon-l! activation :_ ?

: and.solar c_.llicmization detectors for determination of beam'distrlbution_ anT

evacuated _iraday cup and solar _-eilionization detac*.orfor determination of

. _:. be,-_,min_n_[ty, and Pol&roid fiJa_for determinatlon of beam-posits_Onand over-all'. .
2

.. dls%ribuzien. Ai£hough spez.._flcde*_ils of these tecbuiques appea_"in a pre_;lous '

rego_'t.", a brief summar- I of each function will be given belo@-. _ : : -_T

t

:'.._proton energy of-the external beam incident on the test sTecimens was ._

de*_rmined with range energy experiments usi_ Varying thlck_esses _,faluminum
T

foil and a solar cell as _.uionization detectdr. Analysis of_.theresulting Bragg : -_

curv_eyie-l:l.ed a maxlm1%m energy incident _n the.test specimens, locat_d approximately : ) -

6 feet from the exit. port, of 26.0 + 0.5 M_-v:. Ia addition, a _olid.state Junction ; ._
detector winsplaced in the besm and ,acalibrated pulse height e/%alFsisyielded -_ :_

an incident energy of 26.0 + 0.i Mev. For lower proton energy irradiations alumi- ,_.

num.fo_Is wer_ stacked in front of the test specimens to degrade the incident
.._ ,.,_

beam energy. Calculations nerformed on proten straggllng Indicated that a lower.' _
- _
lim/.tofabout _ Mev incident proton ener_- would be available from the primary '.__'

.-- j_.- Mev besal_ithc_t appreciable energ_ stragling-_ Experiments below this 5 Mev ,,- ;,

limit, therefore, were not attemPted':bec._useof the rapidly increasing unCertain_ _

in the data caused by ener_j straggling at these lower energies.

Proton beam distri_.mtl,_nand position were determined with Polaroid film _ {

_- ex_.osures,Carbon-il act_va£_ons, and an array of solar cells 9unetioni_ngas : _
L_

ion'izat_cndeteeters. Polarold film exposures were ini-tlallyused _0 determi_.e_. I

cen_er llne of the proton beam_and _ ap_roxlmate.. beam diamete._,as a _ff_ncticn,of _

distance from the exit port w_:_d_w After ob*_Inin_ a beam diameter of sufficientc

- size at.a dis+_a_ce-of 6 feet from _he exit port, the experlment_l apparatus was !i

In_talled and 'furtheralignmen',.sof the apparatus With the beam were obtained w.lth :.

:addl-tloasl_oiero_d fi_ exposures. An ezperimental pl'_e conta_nlng n.lneelectron :'_

preb_mbar_ed solar cells arranged,unlfo_mly over 16 cm"2w_ p_aced in the experl-

.. m_ntal apparatus _forfurther determina%ions of ali_ra_entand beam distribution..: _:

l | l i
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: When as accurate alignI_nt as possible was obtained _th these tecbni_,es, Carbon-ll

a__tivationswere initiated for final detenninatlon of alignment and b_am distribu- _

tion.

The use of O.066-inch thick polyetk_-Isne sheets for Carbon-ll dostmetry

and th_ associated techniques of hs_,dlingand counting are described in detail

:: report_" -_ in a previous _ polyethylene was pre-cut to i cm2 chips, weighed

an_ graded, _nd mounted on experimental plates over areas ranging_ f_ 16 cm2 to

._ i00 cm2. These chips w_re mounted on plates identical to t_,st s_ecimeu plates

¢:_ resulting in accurate placement of the polyethylene chips in the experimental

_-. apparatus for, determlnation of beam characteristics. Following _he initial alien-y_

_ ment and setup procedures outlined above_ a series of thzee Carbcn-ll activations

:- were performed at 26 Mev for flnal:determlnation of bea,_,alignr_nt and distribution. :

_i _e results of the Oarbon-ll activations are plotted and a_alyzed t,_ yield
_ isointensi_y contours. _e first Carbo_-ll activation performed at 26 Mev yielded --'

-_ C_- the isoi__tensitycontour shown in Figure i. As is observed In the figure, the

experimental apparatus is-properly _ligned in the vertical plane but is out of

- :_. alignment by approximately 0.2 c_ in the horizontal plane. The apparatuswas

_, re-aligned and additional Carbon-ll activations; were performed to obtain g°°d sta-

_ tistical results for both absolute and relative _rotcn distribution and intensity.

_ _ sample position_ i.e., the center _ c_2 of the proton beam is observed to

possess a maximum variatlon in proton intensity of approxl_tely 12 per cent, _I

the center or'the beam to the edge of the specimen area.

_:. After completion of the experiments at 26 Mev, aluminum foils were placed

-' in the experimental apparatus to degrade the beam energy_ to 20 _ev. The foils,

in
addition to degrading the beam energy, also aid in flatten$_g out the beam

_, distribution through Coulomb scat,terlng in traversing the absorber foils. Addi-

i_ tional Carbon-ll;activations were performed at 20 ._4ev.Typical of the isointe_ity

Contours obtained is Figure 2 in which the observed variation in intensity across

the specimen area is _educed a few per cent fr_m that observed at 26 Mev.. In
_L

later experiments at lower proton energies, Carbon-ll activations were performed

Ci but little usable data were obtained because of t_e rapidly decreasing a,ctlvati_ , ._
cross section for Carbon-ll below 20 Mev and the increaiing importance of the ,,

$

] 965008449-0 ] 4
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t'.,(q N TENSITY CONTOURS "4

;nr 2G Mev in units of

10 g plcm2-sec
L

m

I
3

I

• _/,/.,,,//////y_/,/',,, , y -_
///'////////.._#/ \ x :

/1///,,../ 1,2 / /i//// : .?

q/ L.z ,. ,. ,, _ ,- ,#.'/ . / ]

?r'/..,>o ,T,o40S -1 - -
/,/, _F " "/ • .. "

<. ///.< / _'//_////_ / i
___--- [/ - ./

r _

I- ~

Fagure i. T_'ointeu,slty Contours Obtained with Carbon-ll

Activation at 26.0 Mev ,;_
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_ I bOI N rE N.c.,ITY CONTOURS
for 20 P,4ev in unit,.; of

1©?' p/cm2-uec
i

i"

%-

¢ ,
_£=....... | ..... . -

g-

;_ :

%

_ / / ;.f_/ ,SA_L/_-!:/4. :'"--
,,4,/," POSITION/./".,!�.,,{,/ _.

\ • //'I o ,/,"/_ /.,"///,/.// -

\ >..q _.,<...-./,//

¢.i, ,_--1 cm---_

C:

C- ,,
Figure 2. IsolntensltyContoursObtai_ed'vithCarbon-ll

Activationat 20.0 Mev
# ,, 'i
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Nitrogen-13 activstlon cross section at these energies. The resulting ;adioactive

decay scheme was too complex to be handled by the apparatus on hand at the site.

Yowever, the use of successively thicker foils at lower proton en._zgies further

reduces the intensity _ariation across the area t.brough Coulomb scattering. Since

the amount of intensity variation across the test specimen is small initially,

the decrease in this variat._on at lower energies can be obtained from extrapola-

tion of data at 26 and 20 May with negligible inaccuracy _n the over-_ll intensity

determinations. _

In addition to using the Carbon-ll activation for determination of relative

beam distribution, absolute intensities were obtained from the r_rbon-llactiva%ion ,

" count-_rates after inchldlng the necessary corrections for counter efficiency, _

geometry, etc. The proton intensities obtained through Carbon-ll activation were :{

in agreement wlt_n 5 per cent with proton intensities obtained with the Faraday

cup and solar cell ionization detectors. Since the absolute activation cross __

section, counter efficiency, and geometric factors are not known with accuracies _,_

any better than c her cent, it is c_ncluded that the intensities obtained with

the Carbon-ll activation technique are in agreement with those obtained by other ._

techniques within the over-all experimental accuracies involved.

Actual proton intensities were obtained in the course of the experiments
q

with an evacuated Faraday cup of conventional design. _e ev&cuated cup includea _

an inncr sunsing chamber_ a back-scatter shield, and a,seccndary repelling grid.

_ne output of the Faraday cup was coupled to a current integrator which allowed

continuous recording of both the proton intensity and the total integrated

exposure,. The. Faraday cup contained, an entrance aperture Of IO cm2. _he fraction

of the total collected charge in the cup attributed to that portion of the beam

pas_ing through the sample. _re_ was obtained through analysis of the "previously

described Carbon-ll actlvati_s_ Y2,itial checkout of the Faraday cup consisted

of vary_.r_g the grid potential from +_0 to -_00 wolts. Negligible chan_e in
,j

indicated beam current was observed indicating that forward scattering off the !
• { •

'vacuum window and _back scatterlm_ out of the inner cup had been .satisfactorily A

held to a minimum through cup design. In addition, no i°nizati°n breakdown was
?

observed at the high voltages indicating that Chamber vacuum was sufficient. Tne_ _;

Faraday cup was located ,in the experimental apparatus immediately behind the test i

,!
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specimens. At each energy a _.ummy plate (,f test specimens was util_ zed to obtain

the correction factor necessary" for the change in intensity incident on the

Faraday cup produced by the test speclmen plate. This correction factor was

Z_und to be negligible in all except the ]owest energy series of experiments.

In addition to measuring the proton intensity with Carbon-If activation

" and a Faraday cup, a group of electron prebombarded sola,,."cells was placed in

_ the beam and the resulting ionization currents measured. [tuowing the minority
i: L

7' carrier diffusion length in the solar eel]. and the electron-hole pair g_neration

: : rate from _handbook val,ues of dE/dx, t_e absolute proton inte_si_y incident on

t_he solar cell can be determined. _The proton intensities obtained with this

technique agreed within 5 per cent wlth the !ntensities de termlned with the

Carbon-ll activation and w±th_n 2 per cent w_th intensities detel_nined with thec
_f t

Faraday cup.

_ _': Experimental Setup

_' The experimental fixture utilized in this series of experime,_ts is the

i: same fixture, utilized in previous experiments "at Montreal and San Diego wi_h only
.-% ,

slight modifications in the Faraday cup to improve effectiveness for protons of
J

_ these energies. The experimental fix' _re consists of a bate on which is mounted :-

_- an adjustable platfo_, with ad]ustment _n the vertical and horizontal directions

_, for fine aiignmcnt of instl_mmen_az'_on _nd tea! speci,_ns relative to the centert_

line of the irradlati_g beam_ On %his adjustable platform _he Faraday cup is

_. mounted. _mmediately in front of _be Faraday cu_ are loc,-.teda series of rails

_. for the insertion of experimental plates, Caroon-ll plate_, and-film. These _

rail_ are also_ attached to the Olatform in order that the relative _osition of

_ the t,,._t_ecl ._,and tLe _._-aday ct'p be l.xed. A _motr_y ope_m_e_ solenoid

is included on %he rails so t_at tea% plates mB', be removed from tLc beam at

%ny time during the cours_ of a._.-xDeriment.
/

_i, T_ experimental jlg was placed 6 feet from _,he proton beam exit por£

_ window to obtain maxima_ beam defocu,_ng with a minlmu_ or,orgy. loss in t_verslng

I[_ the air. The foil_ for i%arther atgenuation of the protdn beam were placed on

' the first ra_l immediately in f_,ont of the test ,specimenswhich were located
0

m

I
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on adjecent ralls. In order to obiain as _ccurate data as possible, stacking of

test specimens #as not performed in this experiment.

iII. RESULTS

Six. separate series of experiments were conducted at the five different

protcn energies of 26 Mev, 20 Mev, ?-5 Mev, i0 Mev, and 6-7 Mev_ Two experi_ents

were conducted at 2_6 Mev because of the importance of this energy and the fact

tbmt experimental errors were most llkel2 to be encountered at this energy due

to the lightness of the beam d_:,tribut±on The results of these experiments and

the subsequent post-irradiat'_o', measureme_._s of the diffusion length dependence

on imjectlon level are preserted in this sectioL,_

3ho_-t clrc'_t c_rrer+, daut were obLained f_om the I-V characteristics and

ploxted a5 a _mction of fntegr,_ted proton flux during the course of the irradia-

tion experlments. The resu!%ing degradation curves are sho%ua in l_iEares 3 through

8. The sf_ope of the degradation characteristic for each of the three types of

: cel]_ te_t,'d was obtained in the prellmxnsry electron bombardment calibration

exparl_,_en1:sas descrlb._d 6arlier_ T_mse s!opes_ found to be 6-i/_ ma/cm 2 per

decade for the ] ohm-_'m p on n and n o,, p ce]_ and 7-1/h ma/cm 2.... pe_r decade for

the I0 o_-cm n on p ,cells, are indicated In eac._ o_ the figures. 'Ene slightly

higher trmn normal '_lope obtained for the I0 orml-cm n oo_ p solar cells is tbc_ght

to be siLt!bused to back surf:tee effects causing either minority carr._er ref!ec-

tion or opllzal r_f___..t]on off the back surface _f 'the cell to be a significant

contri_._%lon to the observed short circu] currents. As is observed ill the

figures the resulting /ate points fit the l_nea_" _lopes quite accurately. The

} va!ues to, oe used _n determining the energy dependence were obtained at thee

_,_tersecni,,-_nof the s_ndard slope applied to each individual solar ce_.l wiLh

19 ms/era2 . OalJ lure arseni_e so]zr celi_" were irradiated at i0 Mev and 26 Mev

as _ho_, in Fl_re_ 4 and 8, zesp _'tiveiy In these figu: es the short circuit

currents shown are total currents for the i cmx _ cm devices for convenience

, in ,._omparlson w_th aillcon eeli_ on the same. scale. As _no%_l by the. data, tie

_,_ gallium arsenide cells are s..gnifican_ly more radiation resistant than silicon.... cells, and ._cmplete degradation char_cterls_ics were not attainaile within the

%_am time av_iiable.

,#
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(
_'nc ezerKy dependence of proton radiation damage in silicon solar cells

values. A plot of K vaiueswas obts_.__d using both K* values and reciprocal c

for silicoz.,solar cells versus incident proton enerr,} is shown in Figure 9-
n

Included on this plot are data previously obtained at 95-5 Mev and _50 .w_v. The
"L

i ohm-cm n on p We6tern Electrlc ceils and t_e ! o_-cm p on n Hcf_man cells

used in this series of experiments are identical to those used at 95.5 Mev render-

ing direct comparison possible, The K value obtained on older l ohm-ore p on n

deep diffused silicon solar cells obtained at 450 Mev is shown for comperison

w_th data obtained ou a s_,E/lar type of cell at 95.5 Mev. Two of the series

-' of experiments conduc_,ed at USC, i.e., hhe 6.7 tev experiments and the 26 Mev

" experiments, require furti_r c6_ment. At 6.7 Mev, the O.O05-inch thick alum/r_m

4 vac_dum window on the Faraday cup becomes signlficant in terms of the stra_nE

_- distribution obtained from the_ _nltial 32 Mev beam. To determine beam attenuation

_:. pro_%_ced by this window, a solar cell used as an ionization d._tector was monitored

_ both with and without a .OO5-1nch aluminum loll in front of it. _e correctioni"

£ _" factor obtained for the Faraday cup was 20 per cent. This correction _factor :

_ _" was used in correcting both the 6.7 Mev short circuit cu.rrent .ata sllown in Figure 3

and the smosequent 6.7 Mev K values shown in Figure 9- At 26 Mev the tightness

L of the beam dist,,*ibution rendered alignment during the course of */_, experimentsL

critlcsl At t_,_ conclusion of the series of experiments from 26 Mev to 6.7 Mev,f.
9;
_ obse:xa'ci0n of the raw data indicated that the 26 :#,v data did not appear consls-

_nt with t_: remaining data. A second series of experiments were then run at
¥

_ 26 Mev _ the results of beth 26 Me',,experiments are shown in Figure 9-

* K values are derived from the expressions -_

k + K½ ..- (1)
o

_' and

,_, w_here K Iz a m-_sure of the radiation sensitlv%ty ef the bulk silicon minority

carrier diffusion length. The princlIml ffdvantage of K values is their in_lependence
.o of solar cell surface charscteristics, illumination source spectrum, and optical

_'- reflec_ivlty e_Tecte, For any p_rticular type of solar cell, an empirical rela-

. f,. tionship Can be established between X values and _c values. This relationship,_ however, is dependent upon the spectral content of the illuminating source used

_.¢- for obtaining the _C values.

,,-
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A_ described in a previoas section, the accuracies to vhich proton beam
+

energy m:d integrated proton flux were determined are better than - 5 per cent.

Therefore, the major uncertainty in the experimental data points is the variation

between solar cells in any glv_n group. These variations in re2ponse of solar

cells %o rad'aLion are approximately 15 per cent for n on p cells and approximately

<" 30 per cent for p on n cells in lots of the size used in this experi_-nt. For

these reasons, uncertainty limits of the above described am(_intsare p:aced on

: each data point. A stralg)%_line having a slope proportional to E'lln('._m/2Ed),

which is approximately equal to E"0"93" , is drawn through each group of drta

: points. This straight llne shows _ood agreement with all the experimenta._.data

_- points in the range from 6.7 Mev to 95.5:Mev. The data point on older deep dif_/sed

_- 1 ohm-cm p on n silicon solar cells at 95.5 Mev is in good agreement with the

slope shown for contemporary 1 ohm-cm p on n solar cells, w_reas the data polnts

for 25 similar cells tested at h50 Mev lie significantly above this slope. Thls

-" bchavlor supports the departure from simple theory,of high energy proton irradia-

_% tion damage on solar cells predicted on _he basis of theoretica?_ calculations

described in previous reports2'3.

Since it has been previously shownh (and will again be demonstrated in a
q

_ later section) that diffusion length mensurements on proton bombarded cells vary

_. with injection level, it is important co remember that the K values shown in

_-,. Figure 9, as well a_ in all previous #ork, are K values obtained at approximately

_ one su_lillumination levels. For diffusion lengt.hmeasurements obtained at lower

J _ injection ievels# Y.e., by e_ther e]ec_rou or proton beams, measqred K valuea

<_ will differ considerably frc,mthose shown in Figure 9 because of the lower Injec-

t, Zion levels produced by these techniques, The data on K values shown in Figure 9

_: were obtained from dlf1_asion length measurements acquired under one sun intensity

_' as described in the previous section.

-_ A similar en_rg_ dependence is obtained using reciprocal _c values as shown

_ in Figure I0 _ne energy dependence ba6ed on reciprocal _ values is observed
&

to be identical to that based on K values with only slight relative shifts between

_, different groups of cells dependir_ on unrelated but varying chara_cteristic

2 difft'rencesbetween gr@_ps of cells such as surface characteristics and beck

- surface reflectivlties and/or recombination velocities; As in the previously•

"L
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discussed F_gure 9, the data shown-in Figure IO support the theoretical predictions

of an energy dependence linearly proportional to-E-11n(_m/PEd).

In summary, all experimental data obtained in the enelgy region from 6.7 Mev

to hSO Mev support a linear inverse ener&v dependence of proton dsc_ge in silicon

for energies up co about I00 Mev. Above i00 Mev gradual departure from the

inverse encrgy dependence is observed at hSO Mev as predicted on Zhe basis of

: theoretical relationships invol_ing spallatlon mechanisms.

&

Follcwlng the series of eKperiments at t_m USC proton accelerator site,

the test specimens were returned to STL and an exLo_nsive series of post-irradia-

A, tion measurements were performed on the effect of _nJec_ion level on o_served

,_ minority carrier diffusion lengths. The depe_._ence of observed minority carrier

_ diffusion length over the range of injection levels of practical importance

had earlier been _bserved and m_._s_re_ . The techniques utilized in measurir_

v. _._ the inJectlOnpreviouslyleVeldependence on t_his group of cells were identlcal tOenerEyt_-__ech-niques used 4. Representative cells from. each ix-raalation

y group were tested. The resultb of these measurements are shown in Figures i!

through 15 as a function of bombarding proton energy. Severa£ interesting trends

_., are observed in the data. The characteristic shape_ of zhe curves relating minority

:; carrier diffusion lengths to injection levels i's essentially independent of the

:_ pro%on energy used to produce the radiation damage. Also, both the p on n ] o_m_-cm

_- _olar cells and the n on p i0 ohm-crr,solar cells have a s_eeper dependence of

apparent minority carrier diffusion length on injection level than the n on p

1 ohm-=m solar cells. In addition, none of the curve_: show any evldence of approach-

[_ ing an upper limit of diffusion length at the hzgher injection levels.

original minority carrier diffusion lengths of thls group of solar cells

,_. r_ged from 150 to 225 microns. Aft,'r t_ serie_ of proton irradiations at USC

_ \ were completed, the irradiated solar cells had minority carrier d_ffusion lengths

{_ ranging from 5 microns to 50'mlcron_.. The solar cells used for t_ post-irradia-

_,_ tion measurements of minority carrier diffusion length versus injection level.

_, _re chosen for as wide a range of radiation damage as possible. In order to study

_i- the effect of proton energy on th_ InOection level dependence for eachparticul_rnormallzedtype of solar cell, the data _;ere to zero injection level minority

,i
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V
carrier diffusion lengths and replotted as an energy dependent family of curves

for each type of cell as shown in Figures 16 through 18. Several tentative

: conclusions can be drawn from the results shown in Figures 16 through 18. First,

the increase in a_rent diff_isionlength with increasing injection levels is a

fractlonal Increase of the zero injection level diffusion length regartllessof

the aosolute magnitude of the zero injection level diffusion length. Secondly,

i. _ae proton energy dependence of the apparent diffusion length variation with

: Injection:.level is either slight or nonexistent in the proton energy range frc_n

6.7 Mey to 95-5 Mev. Finally, the magnitude of this effect is sufficient to

": require care in the planning of proton ra_'_ationdamage experiments on silicon

devices at any--protonenergy.

_. There are two general shortcomings to the injection level dependence data

: presented in Figures ii through _8. First of all, the technique for obtaining

_/ _hese data results in a nonlinear exces_ carrier concentration as a i_nction of :

_- depth in the solar cell. Hence, the application _f these data to Hall, Shockley-

_._ (._ Reed analysis i_ an effort tc oh,rain information concerning energ_vlevel structur_ .

_: is extremely difficult. Secondly, the resolving power of this technique appears
to be inadequate to-delineate the nature of a second Order energy dependence term

for the effect. However, the primary- purpose of these measurements was to determine

_ the existence of an Injection level dependence of Importance over this energy rLnge,

_:- and tnat ooJective has been conclusively attained by the data presented in Figures

[",, -- it throug_i8. -

' IV. SUMMARY AND CONCLUSIONS

A series of proton irradiation experiments wer_ performed with the Univer-

sity of Southern California 32 Mev p_rotonllnac covering the energy range from

6,7 Mev go 26 M_v. The results of these experiments are incorporated with the

' resuits of previous experiments at 95.5 Mev and _50 Mev on similar types of test

fpeclmens-_n an effort to determine the energy dependence of proton radiation

damage in.silicon. _e results of this work _support the-proton energy dependence "_):

predicted on the basis of theoretical relationships involving simple displace-

f ment _heoc_, Cc_/lombscattering, and spallation m_chanisms. _he £esulting e_rgy. ,_
_dependence is found to be approximately inversely proportiona& to proton e,,ergy . ._:

a':'t-i___ ' ,:" -
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(
for energies up to about i00 Mev. At energies above i00 Mev, the damage dependence

on further increases in proton energy is found to become gradually less, theoreti-

cally approaching a plateau independent of proton energy because of the important

contributions from spallation induced defects.
_- "- F

k__dditional experimental evidence of the dependence of miaority carrier

• diffusion length and hence, K values, on the injection level used to determine

these energy dependences has been pret_ented. _.t least to first order terms in

energy, there is no energy dependence of the apparent diffusion length dependence

. on minority carrier injection level. It has also been shown that the changes in

i_ observed minority carrier diffusion lengths as a function of injection level?

_ =an be expressed in the initial stages as fra_tloriaid_nges of the zero injection

5 level diffusion length independent of the amount of radiation damage _xlsting in

the _illcon base material. Though th_ _pplicatior,of Hall , Shockley-_Reedstatis-

tics predicts an injection level deT _!ence of recnmbinatlon center controlled

• :.: _ mincrity carrier diffusion length_ _lllcon, :t_heinjection .Itvelrange over
- which this dependence actually occur, apl,'_rsto be important in solar cell
?°.
:-_ experiments involving proton irradiations bat . ,__c_ron irradiations.

_= _he'experimental tec_miques-utillzed in these studies to obtain injectionh -"

"_ level dependence are designed primarily to obtain meesarements of the magnitude

_ of the effect as applied to silicon _olar cells. For determination of the actual

_: energy level structures involved under electron and proton irradiations, thesemeasurements would have to be performed in a somewhat different maaner to _rleld

_ experimental data conveniently applicable to _nalysis through the use of Nail,
_'_

_2 Shock!ey-Reed recombination statistics. ._
_#::

_ In conclusion,, these experiments have shown that the energy dependence

: of proton radiation damage in silicon is in agreement with theoretical relation-

s,hips. However, the absolute magnitude of the damage rate characteristic as a

_:i_. z_nction of energy depends upon the injection level at which the energy dependence

!_,- " is determined. In this report the energy dependence has been shown at injection

_;: levels approx_xm_tely equivalent to one sun illumination for silico,, so_ cells
in order that the data be of direct practical_ valIAein the design-of solar cell

_power supply systems. The u%illzation of these data for other proton radiation "
, , [
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damage problems in _ilicon will require an eva].uat_on of the injectlon-levels to _'

be experienced under normal operation followed by a corresponding shift of

the magnitude of the damage uonstant to account for the change in aplmrent damage

as a function of injection level

-C

J

}
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